tRNA-derived fragments (tRFs) constitute a new class of short regulatory RNAs that are a product of nascent or mature tRNA processing. tRF sequences have been identified in all domains of life; however, most published research pertains to human, yeast and some bacterial organisms. Despite growing interest in plant tRFs and accumulating evidence of their function in plant development and stress responses, no public, web-based repository dedicated to these molecules is currently available. Here, we introduce tRex (http://combio.pl/trex)-the first comprehensive data-driven online resource specifically dedicated to tRFs in the model plant Arabidopsis thaliana. The portal is based on verified Arabidopsis tRNA annotation and includes in-house-generated and publicly available small RNA sequencing experiments from various tissues, ecotypes, genotypes and stress conditions. The provided web-based tools are designed in a user-friendly manner and allow for seamless exploration of the data that are presented in the form of dynamic tables and cumulative coverage profiles. The tRex database is connected to external genomic and citation resources, which makes it a one-stop solution for Arabidopsis tRF-related research.
Introduction tRNA-derived fragments (tRFs) have recently emerged as a new class of regulatory small RNAs (sRNAs) capable of varied modes of action including gene silencing and translation inhibition. In contrast to tRNA-halves, the tRFs are shorter (15-28 nt) and represent a seemingly distinct group that is not derived from a single cleavage in the anticodon loop. They usually represent products of the endonucleolytic cleavage of both mature and nascent tRNAs, mainly near the dihydrouridine-containing (D-arm) or pseudouridine-containing (T-arm) arms. tRF sequences have been identified in all domains of life; however, most of the published research pertains to human, yeast and some bacterial organisms (Kumar et al. 2016) .
Nevertheless, in recent years, tRF molecules have attracted the attention of plant scientists. Several studies have explored tissue, size and type specificity (Loss-Morais et al. 2013 , Alves et al. 2016 , Y. Wang et al. 2016 ) of tRFs, their association with Argonaute (Ago) proteins, as well as targeting properties (LossMorais et al. 2013 , Y. Wang et al. 2016 , Martinez et al. 2017 ) and biogenesis factors (Alves et al. 2016) . It has been shown that plant tRFs represent a highly diverse group of functional molecules involved in plant development (Alves et al. 2016 ) and response to biotic (Visser et al. 2014, Asha and Soniya 2016) as well as abiotic (Loss-Morais et al. 2013 , Alves et al. 2016 , Hsieh et al. 2009 , Y. Wang et al. 2016 ) stresses. Despite a growing interest in plant tRFs, the currently available data resources dedicated to tRFs lack plant-related information and often offer greatly limited tools for data presentation and exploratory analyses.
The first database collating tRF data from different sequencing libraries into a single comprehensive resource was tRFdb (Kumar et al. 2015) . Currently, the repository contains tRFs from >100 publicly sourced small RNA sequencing (sRNA-Seq) data sets from eight organisms (human, mouse, Drosophila, Caenorhabditis elegans, Schizosaccharomyces pombe, Rhodobacter sphaeroides, Xenopus laevis and zebrafish). It implements a basic classification scheme to group fragments into three distinct types: tRF-5, tRF-3 and tRF-1. tRF-5s and tRF-3s originate from the mature tRNA transcript at their respective 5 0 and 3 0 ends, while tRF-1s represent the 3 0 trailer sequences cleaved from tRNA precursors. Identification of tRFs is based on mapping of sRNA-Seq reads (between 14 and 36 nt in length) to organism-specific tRNA reference sets using BLASTn (Altschul et al. 1997) , allowing for at most one mismatch (with the exception for tRF-3s with CCA ends where up to three terminal mismatches were permitted). The database can be searched by tRF type, tRF ID or sequence, and further filtered by organism. The output is displayed as an HTML table and the user can further navigate to statistics about read counts, alignment of all reads within a cluster and to the external GEO database via each sample's GSM number.
MINTbase (Pliatsika et al. 2016) contains information regarding human mitochondrial and nuclear, mature tRFs from sRNA-Seq data sets. It includes an expanded classification of tRFs, which includes 5 0 -tRFs, i-tRFs, 3 0 -tRFs, 5 0 -halves and 3 0 -halves. 5 0 -tRFs and 3 0 -tRFs are sourced from mature tRNAs, which are cleaved in various positions prior to and following the anticodon loop, respectively. 5 0 -Halves and 3 0 -halves are longer than tRFs, while i-tRFs encompass all fragments contained within the span of mature tRNAs. The identification methodology of tRFs excludes the possibility of alignments containing substitutions, insertions or deletions, as well as those arising from outside of annotated tRNA space (Telonis et al. 2014) . The database can be accessed via one of four vistas: RNA molecule, tRNA alignment, Expression and Summary. The users can search records by selecting tRF type and anticodon, and may further filter results by tissue, tRNA name, tRF sequence or label. The output is displayed in the form of a table and provides insight on mapping locus (tRNA and genomic), raw and normalized counts and data sets, along with alignment details.
tRF2Cancer (Zheng et al. 2016 ) constitutes a set of tools for exploration and quantification of tRFs in multiple types of human cancer from sRNA-Seq samples deposited in the Cancer Genome Atlas (Cancer Genome Atlas Research Network et al. 2013) . tRF type assignment follows that of Kumar et al. (2015) for tRF-5, tRF-3 and tRF-1, and includes an additional class of fragments (i-tRFs) originating from the internal region of mature tRNAs. Several tools are available to explore and annotate novel sequences. tRFfinder is designed for identification and classification of tRFs, tRFinCancer is intended for expression analysis of tRFs across different types of cancer, and tRFBrowser shows alignment of tRFs of interest and includes distribution of predicted modification sites along the corresponding tRNA. The methodology for identification of tRFs involves mapping of sRNA-Seq reads to a transcriptome set containing mRNAs, small nucleolar RNAs (snoRNAs), small nuclear RNAs (snRNAs), rRNAs, micro RNAs (miRNAs) and repeat sequences, and removal of sequences aligning to any non-tRNA transcripts. Users are allowed to adjust mapping parameters, which by default lead to removal of reads outside 16-30 nt length range and containing substitutions, insertions or deletions. Randomly distributed reads according to statistical evaluation are considered to be degradation products. The output encompasses a range of results and formats, including a summary table for predicted tRFs, position of the fragment displayed on the secondary structure of the source tRNA, expression data in selected samples and browser view with modified nucleotide types and positions.
Here, we introduce tRex-the first comprehensive datadriven online resource dedicated to tRFs in the model plant Arabidopsis thaliana from various tissues, ecotypes, genotypes and stress conditions, encompassing in-house-generated and publicly available sRNA-Seq experiments, and providing advanced, user-friendly exploratory web-based tools.
Results

Data content
Similar to other resources dedicated to tRFs, tRex uses the most recent (TAIR10-based) public annotation of tRNA genes as a reference (Berardini et al. 2015) . The predicted tRNA genes were additionally evaluated based on structural criteria, and genes representing imperfect molecules (according to structural properties) were removed from this data set. This resulted in a tRNA reference set constituting genomic sequences of 639 annotated tRNA genes along with 100 nt long upstream and downstream flanking regions. Each tRNA record contains information about its sequence, length, genomic locus and a number of other tRNA genes having the same amino acid, isoacceptor or sequence, as well as samples in which expression of tRFs was detected. Additional resources include external links to Araport (KrishnaKumar et al. 2015) and Ensembl Plants (Kersey et al. 2016) databases. The reference tRNA sequences function as a backbone for presentation of tRF coverage and modification predictions (see later), and include a simple linear display, as well as structural properties of the molecules. This information is a result of manually curated structural sequence alignments in which each column corresponds to a particular position in the secondary structure of tRNA. Additionally, a diagram showing plain minimum free energy (MFE) structure is available.
The tRFs were searched within data sets that include 86 inhouse-generated sRNA-Seq samples with 40 mutants, which are specific to tRNA, miRNA and RNA biogenesis ( Table 1) , and 30 samples of six different abiotic stresses (Barciszewska-Pacak et al. 2015) . We have also added all relevant (excluding samples for which we could not identify adaptors and map reads to a reference tRNA data set) records from the SRA database (NCBI Resource Coordinators 2017), amounting to an additional 253 samples (Supplementary Table S1 ). Based on the rate of tRF detection upon analysis of new data sets, we conclude that the number of novel tRFs approaches saturation at >1.4 million unique reads. Each sample is described in terms of its genotype (based on Uniprot records; The UniProt Consortium 2007) or treatment conditions, sequencing depth, tissue and developmental stage, and contains links to relevant literature in NCBI's PubMed database (NCBI Resource Coordinators 2017). Publicly available data sets are linked to their corresponding experiments in the GEO repository. Currently, users can explore data from 105 various genotypes, five ecotypes, 13 developmental stages and seven tissues of A. thaliana for a total of 300 samples and 42 experimental sets.
To retain compatibility with other resources dedicated to tRFs, and to address subtle differences between these sequences, we have enhanced the tRF classification. In tRex, the tRFs can belong to any of 10 distinct classes (Fig. 1) . Mature fragments are represented by tRF-5 and tRF-3CCA, as well as tRF-C5 (5 0 center), tRF-AC (anticodon) and tRF-C3 (3 0 center), which are collectively described as i-tRFs in tRFdb, MINTbase and tRF2Cancer (Kumar et al. 2015 , Pliatsika et al. 2016 , Zheng et al. 2016 . Fragments derived from the 3 0 -terminal end of tRNA, but lacking the CCA end, are termed tRF-3 in the tRex database. Sequences starting within a 5 0 -flanking region and spanning the 5 0 end of the mature tRNA are referred to as tRF-L5 (5 0 leader), while fragments derived from the 3 0 end of annotated tRNA and extending into a 3 0 -flanking sequence with an optional stretch of uridines are termed tRF-T3 (3 0 trailer; tRF-1 in Kumar et al. 2015) . Additionally, we have detected reads mapping to the flanking regions alone and named these fragments tRF-F5 and tRF-F3 for 5 0 and 3 0 regions, respectively.
tRFs in the tRex database refer to all tRNA-mapping reads with lengths between 15 and 28 nt. Taking into account the fact that tRNAs undergo extensive post-transcriptional modification processes during maturation, we allowed for the presence of multiple mismatches in the sequence alignment. To filter out potential false-positive signals, we mapped to both the tRNA reference set and the A. thaliana genome (Berardini et al. 2015) , and discarded sequences which mapped better (showing higher similarity) to loci other than tRNA. Each fragment is classified into one of the tRF types in accordance with its alignment position on the source tRNA (Fig. 1) . Due to considerable sequence redundancy among tRNA genes, a single fragment may enter multiple tRF categories. The number of potential source tRNAs and tRF classes, along with pertinent descriptions for each tRF, are provided (see a usage case example below). Additional information includes full alignment details between the fragment and tRNA, along with a raw count of reads per sample. The coverage profiles presented in tRex are calculated for raw counts, as well as three different normalization methods: (i) tRNA-based where counts are obtained by multiplying the raw count by 0.5 million and dividing by the sum of all reads mapping to tRNAs within a sample; (ii) sample depth-based where raw counts are multiplied by 1 million and divided by the sum of counts of all genome mapping reads within a sample; and (iii) redundancy-based where sample depth-normalized read counts are divided by a number of unique tRNAs to which a read is mapping.
Additionally, we performed an analysis of modified nucleosides using HAMR (Ryvkin et al. 2013) , which reports statistically significant predictions of modification types and positions. The available output of this analysis comprises the type of modification [pseudouridine (Y), dihydrouridine (D), 3-methylcytidine (m3C), N 6 -isopentenyladenosinejN 6 -threonylcarbamoyladenosi ne (i6Ajt6A), 1-methyladenosinej1-methylinosinej2-methylthio-N 6 -isopentenyladenosine (m1Ajm1Ijms2i6A), 2-methylguanosi nej2,2-dimethylguanosine (m2Gjm22G) and 1-methylguanosine (m1G)] (Machnicka et al. 2013) , the modified nucleotide and its position, adjusted P-value and fraction detected as modified. We provide this information for users to explore potential mechanisms of tRNA maturation and its influence on tRF biogenesis in the context of available genotypes, tissues or environmental conditions. HAMR requires high sequencing quality of input data; therefore, we specifically indicate rare occasions where sample quality is below the required threshold. This allows users to distinguish between cases of undetected modifications due to sample conditions vs. data quality.
The tRex portal facilitates exploration of the expression of any given tRF, and specificity and biogenesis pathways via a tailored selection of genotypes, tissues and environmental conditions. However, the complete characterization of any new RNA species requires elucidation of its function. Currently, only a few plant tRFs have been assigned a molecular mechanism of action (Y. , Martinez et al. 2017 ; however, many studies suggest association of these molecules with members of different Agos (Loss-Morais et al. 2013, Alves et al. 2016 , implying a similarity-based, target-oriented mode of action. Therefore, we have applied a sequence similarity search procedure to identify putative targets for tRFs deposited in tRex. The analysis covered all Arabidopsis mRNA transcripts and transposons (extracted from Araport11 annotation; KrishnaKumar et al. 2015) . Due to the low complexity nature of some of the tRFs, the results were pre-filtered by applying a minimum of 70% of a perfect hybridization energy threshold. Additionally, the tRF record display currently shows up to 50 best transcript and transposon matches. In the case of mRNA putative targets, the hybridization sites are located within coding and untranslated regions. The information concerning putative targets for tRFs should be considered as a guide for further research and experimental verification. Along with accumulation of experimental data, we plan to update the interface to indicate validated targets. 
Web interface
The interface is designed and implemented with strong emphasis on user experience. It employs dynamic windows for selecting and displaying data, along with easily accessible and pertinent help tips, filtering lists and sliders for changing cut-off values (Zielezinski et al. 2015) . Due to the specific nature of the information, the data are divided into three logical domains: tRNA, tRF and sample. The tRNA section contains information derived from public annotation of tRNA genes, along with cloverleaf and MFE secondary structures [generated using the VARNA structure prediction tool in the Vienna package (Hofacker 2004) ]. The tRF record contains comprehensive resources on each sRNA fragment, including its origin (tRNA), expression level per sample, position encoded on the tRNA secondary structure, and any putative transcript and transposable element targets. The sample record contains detailed descriptions and links to relevant publications.
We encourage users to explore the data sets via any of the three basic procedures: using tRNAs, samples or tRF sequence similarity. The results are presented in the form of graphic profiles (linear, simplified and structural), each providing a different level of detail and allowing for comparative studies of several records (Fig. 2) . Depending on the amount of data, the information is presented as nucleotide-based read coverage distribution (linear profile), a simplified view with color-coded strength of the signal to allow comparisons between different samples or tRNAs, and the reference-based structural profile, where queried information is presented on cloverleaf or MFE structures. The most complex data queries, including many reference tRNA and samples, are visualized with heat maps, with information on tRF occupancy reduced to summarize the counts for the whole molecule.
The data presented in tRex can be accessed at different levels of detail. As with profiles (more complex queries will result with more generalized profiles), the records for tRNA, tRF and sample offer different levels of information. For example, the data for one tRNA and one sample combination can be accessed graphically on the cumulative count profile, as well all at a read alignment level (presented in schematic or nucleotidebased format).
The number of steps to reach the result has been minimized (two on average) to allow for efficient analyses. Where applicable, the user is presented with an option to compare results, such as viewing RNA modifications and secondary structures side by side. Additionally, the interface allows for exploration of information in a continuous manner by providing links to relevant resources within and outside tRex at each stage.
Usage cases
One of the main challenges in tRF research is its annotation to a particular tRNA/tRF class. tRFs represent short sequences often originating from highly similar tRNA molecules that are modified after transcription (frequently leading to nucleotide substitutions during sequencing), which may cause their ambiguous assignment. At each step of data exploration, tRex offers a full spectrum of information on all types of molecules and classifications that correspond to the query sequence. For example, the trex6465 sequence shows highest similarity to leucine (CCA) tRNAs (Fig. 3) . However, when one substitution is allowed, the same fragment shows a best match to threonine (CGT) tRNA. Interestingly, closer inspection of the sequences shows clear similarity between these two tRNAs, where the leucine tRNA anticodon arm is replaced by sequence from the variable arm in threonine tRNA. This example illustrates that tools along with the data provided within the tRex database allow for analyses that are advanced and not always obvious.
Comparative, exploratory analysis of plant tRFs is often hindered by availability of at-hand bioinformatic resources. The tRex web portal aims to simplify this process by providing users with tools for effortless comparison of tRF species' behavior across different experimental conditions. One such example ) shows the coverage along the tRNA sequence, and 'structural profile' (C) displays color-coded coverage assigned to specific nucleotides along the secondary structure or 'modification profile' specific for a given sample-tRNA combination.
of a simple preliminary investigation is schematically shown in Fig. 2 and in more detail in Supplementary Fig. 1 . We chose to evaluate the tRF coverage of a SerCGA.4 tRNA across samples within a publicly available data set (GSE28591), investigating small RNAs associated with Ago1 and Ago4 proteins (Wang et al. 2011) . The simplified expression profile elucidates differential behavior in control (SRR189800-SRR189803), Ago1 (SRR189804-SRR189807) and Ago4 (SRR189808-SRR189811) immunoprecipitated libraries across tissues (flowers, leaves, roots and seedlings, respectively) and experimental procedures with two-step purification (SRR189804-SRR189811) and a standard immunoprecipitation protocol for leaves and roots (SRR189812 and SRR189813). The stark differences across experimental conditions are readily visible, with the tRF-5 signal dominating in all control and Ago1-associated samples and a weaker anticodon peak showing in root tissue from control, two-step purification Ago1 immunoprecipitation (Ago1-IP) and standard Ago1-IP, as well as control seedlings. It appears that SerCGA.4 gives rise to much fewer fragments in all Ago4 immunoprecipitation (Ago4-IP) samples, as well as a standard Ago1-IP library in leaves. This observation propelled us to investigate the SerCGA.4 signal in more detail in root samples from control vs. Ago1-IP libraries. The cumulative expression profiles reveal loss of fragment diversification in the Ago1-IP sample with dissipation of the tRF-AC (anticodon) signal, and gain in the tRF-5 signal as indicated by the coverage scale (approximately 600 read counts in the control sample to approximately 4,600 read counts in the Ago1-IP sample). The structural profiles address these differences with clear expression signal assignment to specific nucleotides in their spatial arrangement in addition to the view of predicted modified bases, providing insight for potential further exploration.
Accumulation of curated data allows for a simple and fast lookup of any short sequence in the context of its tRNA origin. tRex offers similarity search options using various BLAST algorithms. Upon inputting the sequence of interest, the program searches the reference (tRNA) and tRF sequences. Parsed results are presented in the form of a sortable table with easy access to information regarding query coverage, percentage identity, alignment score or P-value. Each reported result can be further investigated via the corresponding link, which directs the user to its record page containing all pre-processed information: tRNA characteristics, classification, target prediction as well as samples where the fragment has been detected along with relevant counts. In cases where no similar tRF sequence could be identified, the user can explore the properties of the reference molecule in the context of its sequence, structures and annotation information. If the tRF sequence is not available in the database, we invite users to contact us, so we can update tRex with novel sequences or modify the annotation procedure.
Discussion
During evolution, tRNAs have acquired additional capacities along with their canonical role in protein biosynthesis. In particular, in recent years it has been shown that they can give rise to functional sRNAs (tRFs) that, in accordance with research performed primarily on animals and bacteria, influence gene expression on transcriptomic and post-transcriptomic levels (Sobala and Hutvagner 2011 , Gebetsberger et al. 2012 , Durdevic and Schaefer 2013 . However, tRNAs constitute one of the most abundant RNA species in the cell, proving challenging to differentiate between functional molecules and mere degradation products. A starting point for such discriminatory research must include a representative collection of data sets integrated within a single comprehensive resource equipped with intuitive tools for exploratory analysis. By equipping tRex with novel classification systems and several choices of normalization approaches, we have addressed several problems affecting tRF research, such as sequence redundancy and fragment abundance disparity between samples.
tRF research, particularly in humans, has been steadily gaining momentum within the sRNA field; however, plant tRF potential remains largely unexplored. The amount of data regarding functional molecules is limited, preventing design of advanced computational and automatic annotation solutions. Additionally, recent findings sometimes provide contradictory results [e.g. preference of tRFs to be associated with specific Agos (Loss-Morais et al. 2013 ], making the annotation process of novel tRNAs even more challenging. Therefore, we have concluded that in order to help advance the exploration of plant functional RNAs originating from tRNAs, it was necessary to create a rationally filtered data resource along with user-friendly tools tailored towards discovery of novel, functional molecules. By providing various types of graphical presentations of data with different levels of detail, we allow for in-depth, multi-way comparison scenarios. Additionally, requiring only a few intuitive steps to reach the record of interest (limited to two-stage selections on average) makes the process of data exploration highly efficient and productive. We anticipate that tRex will serve as a springboard for advancement of functional tRF studies within the plant sRNA research community.
Materials and Methods
sRNA sequencing data
In-house-generated sequences were obtained from genetically verified RNA metabolism mutants described in Table 1 . The RNA was isolated and sequenced as described in Barciszewska-Pacak et al. (2015) .
Publicly available sRNA-Seq data sets were downloaded from the SRA database. Subsequently, the sequences were evaluated regarding the presence of the adaptor sequences (standard Illumina or provided within the record), adaptor trimmed and quality filtered with the cutadapt program, and mapped to the genome and reference tRNA data set. Only those samples that showed >70% of mapping reads to the genome were considered for further analyses.
tRF identification procedure
The annotation procedure involved mapping of each read to the reference tRNA data set and the Arabidopsis genomic sequence, allowing up to 20% of mismatches. This information was subsequently used to select the best sRNAtRNA alignments, to filter those reads which mapped with a higher score outside of tRNA space, as well as to normalize counts of sRNA-Seq data. The procedure was performed with Bowtie2 (Langmead and Salzberg 2012) and samtools (Li et al. 2009 ) programs, along with in-house-generated Perl and Python scripts. The most recent mapping and filtering parameters are provided on the tRex webpage Help section.
RNA structural analyses
The sequences of annotated tRNA genes and genomic regions showing high sequence similarity to tRNAs identified by Blast were initially aligned using ClustalW (Larkin et al. 2007 ). The results were edited by hand to produce structural alignments reflecting the standard cloverleaf structure of tRNA. Structural alignments served as an input to design a template for displaying tRNA structure diagrams. The MFE structures were calculated using RNAshapes (Janssen and Giegerich 2015) and the MFE diagrams were produced using the VARNA structure prediction tool (Hofacker 2004) .
Modification predictions
The modified nucleotides were predicted using HAMR (high throughput annotation of modified nucleotides) software (Ryvkin et al. 2013 ) with recommended parameters: minimum sequencing quality = 30, minimum read coverage = 10, expected percentage of mismatches due to sequencing error = 0.05, hypothesis to be tested = H4, maximum P-value cut-off = 0.01, maximum false discovery rate (FDR) cut-off = 0.05 and minimum percentage of reads to match the reference nucleotide = 0.05.
Target predictions
Putative targets were predicted using an in-house-modified Blast algorithm designed to search for complementary RNA sequences. The results were analyzed using RStudio version 1.0.136 and filtered based on a minimum threshold of 70% of perfect hybridization energy predicted with RNAfold software from the Vienna package (Hofacker 2004) . The tRex database reports up to 50 of the top transcriptomic and transposon target predictions.
IT technology
The backend of tRex is implemented in the Python with Django web framework (https://www.djangoproject.com), dynamically generating web pages using Apache2 with WSGI. The data are stored using a MySQL database, and a modular database schema allows further growth and incorporation of new data types. The web pages are constructed using HTML5, CSS3, JavaScript with jQuery library (https://jquery.com) and Bootstrap framework (http://getbootstrap.com). Dynamic and interactive elements of the entry page are developed using SVG markup language with the d3.js library (https://d3js.org) for tRNA structure visualization, and DataTables (https://datatables.net) as a tabular feature viewer, respectively. Autocomplete functionality in text searches is written using Twitter JavaScript library, typeahead.js (https://twitter.github.io/typeahead.js/).
Supplementary data
Supplementary data are available at PCP online. 
